The paper presents the results of research on the influence of multistage heat treatment of different types on the microstructure and properties of high-chromium martensitic GX12CrMoVNbN9-1 (GP91) steel. The materials under investigation were samples taken from a test coupon. The heat treatment of GP91 cast steel was performed for the temperature and time parameters typical of the treatment of multi-ton steel casts. The results of our research proved that, in the as-cast state, GP91 cast steel is characterized by a coarse-grain microstructure of lath martensite with precipitations of carbides, such as M 23 C 6 , M 3 C , and NbC. The cast-steel microstructure in the as-cast state ensured the required standard mechanical properties. The heat treatment of GP91 cast steel contributed to getting a fine-grain microstructure of high-tempered lath martensite with numerous precipitations of M 23 C 6 and MX carbides of diverse sizes. The structure of GP91 cast steel received as a result of heat treatment makes it possible to obtain high plastic properties, mainly impact strength, by maintaining its strength properties (yield strength) on the required minimum level.
use improved steel castings with a Cr content of 9-12%. The mechanical properties of cast steels with high-tempered martensitic microstructures and high resistance of these steels to thermal shocks make them suitable for applications.
High requirements imposed on the newly found grades of high-chromium cast steels include:
-a 100,000 h creep strength of 100 MPa at 600°C;
-good castability and weldability;
-through-hardening capability up to about 500 mm of the wall thickness;
-properties, such as fracture toughness, low-cycle fatigue strength, and long-term toughness, corresponding to at least the same properties of low-alloy ferritic cast steels currently used up to 565°C [5, 6] .
The requirements formulated above were met by the new grades of steels with their chemical composition similar to the chemical composition of high-chromium steels. These grades include steel casts such as: GX12CrMoVNbN9-1, GX12CrMoWVNbN10-1-1, and GX23CrMoV12-1. The fact that there are relatively few literature sources [5] [6] [7] [8] dealing with martensitic cast steels intended for the operation under supercritical parameters encouraged the author to study the properties of these materials. The aim of the present research was to determine the influence of multistage heat treatment on the microstructure and mechanical properties of GX12CrMoVNbN9-1 (GP91) cast steel.
Methodology of Research
The microstructural research was performed with the help of an Axiovert-25 optical microscope on conventionally prepared metallographic specimens etched with ferrous chloride and a JOEL JEM-3010 high-resolution transmission electron microscope using thin foils. The identification of precipitates was made by using thin foils and extraction carbon replicas. The tests were carried out on samples in the as-cast state (as-received condition) and after heat treatment for the assumed temperature and time parameters. The mechanical properties were examined according to the currently obeyed standards. The static tensile tests [yield point (YP), tensile strength (TS), elongation (El), reduction of the area (RA)] were performed in the MTS-810 testing machine on test pieces with an initial gauge diameter d 0 = 8 mm. The measurements of hardness (HV30) were realized by the Vickers method under a load of 30 kg (294.2 N) in a Future-Tech FV-700 testing machine. The impact-energy tests (KV) were carried out on nonstandard test pieces of the Charpy "V" type. In the case of static tensile tests and the impact energy measurements, the presented results are the mean values of three tests, while the values of hardness are the mean values of five measurements.
Material for Research
The material under investigation was cast steel of the following chemical composition: 0.12 C, 0. A high volume fraction of chromium, the addition of molybdenum (ca. 1%), and microadditions of vanadium and niobium are responsible for a good hardening capacity of the examined cast steel. Sections of about 50 mm in thickness are hardened in air, while the casts of larger sections require faster cooling from the austenitizing temperature. In modern steel foundries, the polymers are used for cooling. However in the traditional foundries, the coolant is still oil [9, 10] .
In order to get the maximum similarity between the macrostructure of the samples and the macrostructure of casts, the samples intended for testing were taken from the equiaxed zone.
Heat Treatment of GX12CrMoVNbN9-1 (GP91) Cast Steel
The temperature and time parameters of heat treatment for the examined GP91 cast steel were taken from [6] [7] [8] . The applied parameters of heat treatment correspond to the treatment of casts of about dozen tons under industrial conditions. The GP91 cast steel was heat-treated in three versions with different numbers of treatment operations, temperatures, and times of holding. The temperature and time parameters of heat treatment for the examined GP91 cast steel are presented in Table 1 .
The last steps at 730°C (heat treatments No. 1 and No. 2) and 750°C (heat treatment No. 3) were realized to simulate the post-weld heat treatment (PWHT). 
Structure and Properties of GP91 Cast Steel in the As-Received State
High hardening capacity of the investigated cast steel and its coarse-grained structure in the as-cast state allowed us to obtain the microstructure of coarse-grained martensite (Fig. 1) . The microstructure of the cast steel in the as-cast state was characterized by a lath structure of martensite with large densities of dislocation and polygonal substructures (Fig. 1b) . The width of the martensite laths was ca. 0.30-0.45 μm. In the structure (on the lath boundaries, subgrain boundaries, and inside the laths), we observed numerous precipitates of diverse morphologies (Fig. 1b, Fig. 2) .
The identification of precipitates in GP91 cast steel performed by means of the electron diffraction revealed the presence of large M 23 C 6 carbides about 100-350 nm in size precipitated mostly on the former austenite grain boundaries, boundaries of martensite laths, and inside the grains, fine-dispersion spheroidal NbC carbides precipitated on dislocations inside martensite laths as well as on subgrain boundaries (Fig. 1b) , precipitates of lamellar M 3 C carbides 40-100 nm in size forming the Widmannstätten pattern (Fig. 2) .
High temperature of the initial phase of martensite transformation M s equal to 386°C for the investigated cast steel creates the possibility of carbon diffusion. This can lead to the effect of self-tempering of martensite as a result of precipitation of M 3 C carbides in the microstructure (Fig. 2) . A similar process of self-tempering of martensite was also observed in high-chromium steels [2, 11] . Niobium carbides (NbC) (or carbonitrides) precipitate in the final phase of coagulation and play the role of inhibiting factor for the growth of austenite grains during heat treatment. Later, this significantly affects the properties of the alloy [12, 13] .
The accumulated results are confirmed by the results of numerical simulation of solidification for the examined cast steel obtained by using the ThermoClac program according to the Scheil-Gulliver model (Fig. 3) .
The mechanical properties of GP91 cast steel in the as-received condition are presented in Table 2 . The properties of the investigated cast steel were higher than the required minimum. (The demands to the examined cast steel were taken from [14] ).
The TS and yield strength (YS) determined for GP91 cast steel in the as-cast state were higher than the demanded minimum by 7 and 2%, respectively. Similarly, its plastic properties, i.e., impact strength, were more than three times higher than the minimum, and El was higher than the minimum by ca. 33%. The hardness of the examined cast steel in the as-cast state was equal to 232 HV30, while the RA percentage to 58% ( Table 2) . The required mechanical properties in the as-received state is what GP91 cast steel owes to the lath microstructure of low-carbon martensite (Fig. 1) . The coarse-grain cast structure of GP91 cast steel unfavorable in terms of the properties is subject to refinement with martensite laths. This leads to an increase in strengthening with grain boundaries, which is favorable not only for the plastic properties but also for the strength properties. According to the data provided by [13] , the degree of strengthening with grain boundaries in the case of martensitic structure depends on the width of martensite laths and amounts to 239.4 MPa for a width of 0.36 μm (similar to the investigated cast steel).
Microstructure and Properties of GP91 Cast Steel After Heat Treatment
The heat treatment of GP91 cast steel contributed to obtaining a fine-grain microstructure of high-tempered martensite regardless of the assumed temperature and time parameters (Table 1) . Examples of the microstructures of GP91 cast steel after heat treatment are shown in Fig. 4 . Heating the examined cast steel to the temperature of austenitizing caused the reduction of the initial austenite grains which, as a consequence, contributed to the formation of a fine-grain martensitic microstructure. In the case of sample No. 2 (see Table 1 ), as a result of double heating above the temperature A c1 ( A c3 ), there was a greater refinement of microstructure observed in comparison with cast steels heated only once (Figs. 1a, c) . Grain-size reduction acts favorably on the mechanical properties of cast steel in the following two opposite directions: It simultaneously raises the YS and impact energy and decreases the temperature of nil ductility transition (NDT). High temperature and long times of holding at the temperatures of tempering and annealing contributed to the precipitation of numerous carbides of diverse sizes. Carbide precipitates were observed on the former austenite grains, as well as on the boundaries of martensite laths and inside martensite grains (Figs. 4b, d ). Long-term holding at the time of tempering and the stress-relief annealing after PWHT, as indicated in practice [2, 13, 15] , contributed to obtaining very stable microstructures during the service of casts.
The microstructures of GP91 cast steel after different types of heat treatment were similar and characterized by a lath substructure of martensite with large densities of dislocations and polygonal ferrite grains. The dislocation boundaries appeared between martensite laths and between subgrains. The identifications of precipitates in cast steels performed after heat treatment revealed only the occurrence of M 23 C 6 and MX carbides in the microstructure. Numerous M 23 C 6 carbides were mostly located on the boundaries of former austenite grains and the boundaries of subgrains/laths of martensite. Only some sparse carbides of this type were also observed inside ferrite subgrains. The sizes of the precipitated M 23 C 6 carbides were diverse and ranged from ca. 60 nm to more than 210 nm. Fine dispersive precipitates of the MX type, i.e., NbC carbides, as well as VX nitrides (carbonitrides) were detected on the dislocations inside subgrains and on subgrain boundaries. Single MX precipitates were also detected on the boundaries of the initial austenite grains, the M 23 C 6 carbides revealed in the microstructure precipitated on the boundaries of subgrains/laths of martensite and stabilize the subgrain microstructure of martensite, thus inhibiting the movement of dislocation boundaries, whereas fine dispersive precipitates of MX ensure high creep resistance inhibiting the movement of dislocations.
The results of investigation of the mechanical properties of GP91 cast steel after heat treatment are presented in Fig. 5 .
The conducted research into the mechanical properties of GP91 cast steel after different types of heat treatment ( Table 1 ) has proved that:
-The procedure of long-term holding at the temperatures of tempering and annealing contributes to the decrease in YS. It is lower than the required minimum value by about 2-5% (depending on the mode of heat treatment). The procedures of tempering and annealing of the examined cast steel at temperatures above 700°C for many hours lead to a decrease in strengthening: in dislocations, this is strengthening as a result of the process of recovery and recrystallization of the matrix; in the solid solution, this is strengthening by alloying elements as a result of the diffusion of atoms of the carbide forming elements to carbides, and in the case of precipitation strengthening, this is a result of the process of coagulation of precipitates, mainly carbides of the M 23 C 6 type. The decrease in the dislocation density, drop of the concentration of alloying elements in the matrix, and an increase in the size of precipitates lead, as a consequence, to the reduction of YS. According to the literature data [7] , extending the time of tempering at a temperature of 730°C from five to 25 h contributes to the reduction of YS and TS of high-chromium cast steel by about 12 and 4%, respectively. Despite this fact, tempering (or/and annealing) of steel casts for many hours at temperatures above 700°C is necessary to obtain thermodynamically stable microstructures.
-The reduction of austenite grain sizes as a result of austenitizing and the drop of strengthening of the matrix of the investigated cast steel contributed to the increase in its plastic properties, mostly of the impact strength (Fig. 5 ).
-The TS of GP91 cast steel in the as-cast state and after heat treatment were similar and higher than the standard requirements.
-The hardness of GP91 cast steel after heat treatment was higher than 200 HV30, which reveals high stability of the examined alloy microstructure.
CONCLUSIONS
GP91 cast steel with its coarse grain structure in the as-cast state is characterized by high mechanical properties resulting from the lath microstructure of low-carbon martensite. The high properties of GP91 cast steel in the as-cast state reveal the predominant role played by the dislocation boundaries between martensite laths in the mechanism of strengthening and an insignificant role of broad-angle boundaries of the former austenite grains. The heat treatment of GP91 cast steel mostly contributes to the increase in its plastic properties and, in particular, of impact strength. The strength properties after heat treatment, due to long times of holding at temperatures above 700°C, are kept on the level of the properties of cast steel in the as-cast state. The values of YS for GP91 cast steel after heat treatment are insignificantly lower than the required minimum, which is connected with a decrease in the strengthening of the matrix, as a result of long tempering and annealing. However, long times of tempering at temperatures above 700°C favor the formation of a microstructure with, possibly, the highest thermodynamic stability.
